I. INTRODUCTION

S
HORTLY after the initial measurements of the ethane spectrum, l analyses of the observed fundamental frequencies led to the construction of simplified potential functions 2 which not only indicated the magnitudes of the principal restoring forces but also aided in the later assignments of additional fundamental and overtone bands. By 1938, Crawford, Avery, and Linnett 3 were able to give a complete summary of the twelve distinct fundamental frequencies although, as they emphasized, the spectroscopic data were insufficient to determine whether the equilibrium configuration of the molecule is the "staggered" model D3d (center of symmetry) or the "eclipsed" model D3h (reflection plane perpendicular to the symmetry axis).
In 1939 Stitt 4 measured the infrared and Raman spectra of C 2 D 6, and determined a set of potential constants for ethane, correlating the data for these two isotopic molecules and illustrating the importance of the forces coupling different bond distortions. Recently, the high resolution measurements by Smith 5 considerably improved and extended the infrared data for ethane. The observed combination bands gave direct evidence for the D3d equilibrium configuration while the rotational spacings gave the moments of inertia for this molecule as well as the zeta-values associated with the degenerate vibrations.
The purpose of the present investigation is the re-* Based on a dissertation submitted to the Graduate School of to the normal frequencies and zeta-values of C.Hs and C.Da. The normal frequencies have been obtained by addition of anharmonic corrections to the spectroscopically observed fundamental frequencies. These corrections were estimated by means of the known anharmonic corrections for methane and the conditions imposed by the Teller product rule. The fundamental frequencies and zeta-values have been taken directly from the observed band centers and rotational spacings wherever possible. In the cases of resonance, the influence of the couplings were either calculated or estimated and the corresponding unperturbed values for the frequencies and zeta-values selected. The potential function is determined first in terms of a set of simple symmetry coordinates, and then reexpressed in terms of valence coordinates to permit comparison of the valence force constants of ethane and methane.
evaluation of the present accumulation of spectroscopic data, the filling in of some of the gaps by additional measurements of the infrared spectrum of C 2 D 6 , and the determination of a set of potential constants for ethane which best describes this information. At the present time, complete sets of potential constants have been determined for only a few of the simpler polyatomic molecules such as CO2, H 2 0, NH 3 , and CH4.6 There are two inherent difficulties involved in the calculation, the first of which is that the potential constants are related to the normal vibrational frequencies of the molecule. The observed spectrum, however, yields the fundamental frequencies and these differ from the normal frequencies by amounts of the order of a few percent. These differences are caused principally by the higher order terms, cubic and quartic, in the potential energy and can only be evaluated when all of the overtones involving pairs of fundamental as well as harmonics of fundamental frequencies have been observed. In the case of ethane with its 12 fundamentals, this would require the identification and measurement of 114 overtones and harmonics. This large amount of information is not available, and consequently other methods have been employed which appear to be reliable at least as first approximations. These methods consist in the use of the product rule and the frequencies of such harmonics as are known, together with a plausible assumption regarding the ratio of the anharmonicity factor in isotopic molecules as will be described in Section III.
The second difficulty arises from the fact that while the normal frequencies are functions of the potential constants, there are in general more constants than frequencies. Thus, if a molecule possess n normal vibrations belonging to a particular symmetry class, there will be tn(n+ 1) constants in the general potential aD. M. Dennison, Revs. Modern Phys. 12, 175 (1940 function. There are a number of ways out of this difficulty of ~hich the one which has been most widely used has been to approximate the form of the potential function, for example, by assuming valence type forces, and thus reduce the number of unknown constants. A much more satisfactory method, whenever the experimental data are available, is to employ (1) the normal frequencies of isotopic molecules and (2) the zeta-values. These:latter measure the internal angular momenta associated with the degenerate vibrations and are also functions of the potential constants. The data on ethane are at present sufficient to make this method possible in all but one of the symmetry classes. The situation is as follows:
A. Perpendicular Active Vibrations, E"
There are three frequencies W7, Ws, and W9 belonging to this class, and hence six potential constants. The normal frequencies for both light and heavy ethane have been determined as well as the three zetas for light ethane and two of the heavy ethane zetas. The sum of the zetas for any symmetry class is fixed, however, and the product rule imposes a relation between the light and heavy normal frequencies. There are thus nine independent data with which to determine the six
Absorption by the fundamentals P6*~1077 cm-I and P8*~1082 ern-I. The rotational spacing ~P8*=2.76 cm-I corresponds to the zeta-value \8* = -0.423. 
B. Perpendicular Inactive Vibrations, Eg
The three normal frequencies WlO, Wu, and W12 are again known for both the light and heavy ethane and two of the light zetas have been measured. These constitute seven independent data and the six potential .constants of this symmetry class may be found.
C. Parallel Inactive Vibrations, Aig
The three normal frequencies WI, W2, and W3 have been found for both the isotopic molecules but, because of the product rule, these constitute only five data. Since the vibrations are not degenerate, there exist no zetas. The six potential constants cannot be calculated without employing a further assumption, and the one that has been made is that the cross product term betw€'en the C-C and the C-H stretchings has been taken to be zero.
D. Parallel Active Vibrations, A 2u
Two frequencies W6 and W6 belong to this class and have been measured in both light and heavy ethane. They represent three independent data and hence are just sufficient to find the three potential constants.
E. Torsional Vibration, AI"
There is only one frequency in this class, namely W4, and it therefore determines the single potential constant.
In the final section of the paper the potential constants of ethane are expressed in terms of the stretching and bending of the valence bonds and bond angles of the molecule. As might have been expected from previous experience, it is found that the principal contributions come from the stretching of the valence bonds and from the bending of the bond angles, and that the interaction terms between adjacent bonds are, with one or two exceptions, quite small while the interactions between remote bonds are virtually zero.
II. INFRARED MEASUREMENTS ON C 2 D,
The purpose of remeasuring the infrared spectrum of heavy ethane was to obtain (1) more accurate positions of the band centers associated with the fundamental vibrations, (2) the zeta-values associated with the rotational spacings of the degenerate vibrations, and (3) the large moment of inertia, this being the last parameter required for the spectroscopic determination of the dimensions of ethane.
The measurements were made with a prism-grating spectrometer and automatic recording attachments such as described by W. E. Anderson. 7 The C 2 D 6 was prepared by a method similar to that described by StiW (generation and catalytic combination of D2 and C 2 D 2 utilizing heavy water as the source o(deuterium).
Spectrograms of the absorption by the active fundamentals are given in Figs. 1-4 , while Tables I-III give the wave number values and assignments of the principal absorption peaks. The notation for any vibration of heavy ethane is the starred symbol for the analogous 7 w. E. Anderson, thesis (University of Michigan, 1948) . Since the molecule contains only three independent structural parameters, the above data are sufficient for their determination. One obtains for the distances and angles, C-C= 1.543X10-s , C-H= 1.102X10-s em, H-C-C angle:: 109°37', H -C-H angle= 109°19'. It will be noted that, whereas the angles differ only slightly from the tetrahedral angle of 109°28', the C-H distance is appreciably larger than the C-H distance in methane of 1.093X10-s em. The moments of inertia of both ethane and methane from which the above figures were derived are the moments in the ground state of vibration and not the equilibrium moments, and hence, strictly speaking, they· determine effective but not equilibrium dimensions. .
In Fig. 2 , eight Q lines of the perpendicular band vs* are visible between 1080 and 1100 em-i. The absorption maximum rising sharply below 1080 cm-i is interpreted as the strongly broadened Q line of the parallel band vs*. Although quite uncertain because of the anomalous absorption pattern, the band center of the perpendicular band is estimated to lie between the lines 2 and 3 and the assignments of the rotational quantum numbers are given on this basis. An anomalous absorption pattern is indeed expected because of the strong coupling between the vibrations vs* and vs* through the rotation of the molecule. The zeta-value characterizing this coupling has been estimated, on the basis of the final potential constants, to be 0.54, which is sufficiently large to produce the observed amount of distortion when the separation of band centers is small. Although this known interaction supports the qualitative correctness of the above choice of band centers, it is inconsistent with the latter in a quantitative sense (in that, in the absence of other couplings, an absorption head should appear at the unperturbed position of the 1. band center. It may be noted that the interaction zeta referred to here gives a measure of the internal angular momentum associated with the superposition of two distinct normal vibrations and hence results in first-order energy contributions only when, as in the above case, such vibrations are accidentally degenerate.)
The double peak in the envelope of the V7* band is presumably occasioned by resonance interaction with the combination bands V2+s* and V2+s*, The exact interpretation is obscure and the present measurements do not warrant a change in the value v7*=2236 cm-i reported by Stitt.
III. INITIAL REDUCTION OF THE DATA
The potential energy function for a molecule is generally represented as a power series in the relative atomic displacements, the coefficients associated with the quadratic terms constituting the potential constants which are the subject of this paper.
The normal frequencies, which correspond to atomic vibrations of infinitesimal amplitude, are functions of these potential constants. The fundamental frequencies, however, which are the quantities observed experimentally and which may differ by a few percent from the normal frequencies, depend principally upon the quadratic coefficients, but also to a lesser extent upon the so-called anharmonic terms which are cubic and quartic in the atomic displacements. When all of the simple combination and harmonic bands have been measured, the anharmonic contributions can be found and, through subtraction, the normal frequencies ascertained. It may be remarked that although the normal. and fundamental frequencies may be in agreement within a few percent, quadratic potential constants determined by using fundamental rather than normal frequencies may often be in error by several times this amount. In the following discussion, fundamental and normal frequencies will be denoted by the symbols Vi and Wi, respectively.
For ethane and heavy ethane, measurements of the very large number of simple combination bands are almost necessarily incomplete and one must rely on estimates of the anharmonicity corrections. A general procedure for the estimation of such corrections has been given by Dennison s based on the Teller product rule and approximate relations between anharmonicity corrections of isotopic molecules. Thus, defining the anharmonicity factor, x, through the equation v= (1-x)w, the perturbation treatment of the higher order potential terms of isotopic diatomic molecules gives the correction ratio x*/x=w*/w""'v*/v. This same ratio is assumed to hold approximately for the similar vibrations of isotopic polyatomic molecules. Designating by J.tij the mass coefficients appearing in the kinetic energy expression for one of the symmetry classes of vibrations, the Teller product rule gives a relation between the ratio of the determinants I J.tij I and I J.ti/ I and the products of the normal frequencies, namely, I J.ti/ I !/ I J.tij I!= 1l"'; (w,:/ wi*)""'1l",;(v,:/v/-xi) 
/(l-xi).
As there are five symmetry classes for ethane, the product rule gives five additional relations among the anharmonicity factors. Many of the vibrations of ethane, such as the C-H stretching and H-C-H angle bending vibrations are similar to those of methane, for which the anharmonicity factors are reasonably well known. For such vibrations, the anharmonicity factors of ethane may be chosen to agree with the known factors of methane subject, of course, to the equations given by the product rule. 'Thus, starting with the fundamental frequencies of ethane and heavy ethane, the anharmonicity corrections may be estimated and the set of normal frequencies obtained by means of the relations
xi(ethane)"-'xi(methane) subject to Eq. (2). (3) It should be emphasized that these relations are only approximate and there has been no hesitation to make readjustments of the values from the ethane-methane correlation so as to conform to the empirical rules that anharmonicity factors are generally positive and are larger for the higher frequency vibrations.
Although the zeta-values are also slightly affected by the anharmonic potential terms, neither sufficient experimental data nor empirical procedure is available to make corrections. In the absence of resonance, these corrections are expected to be of the order ~t"-'(Vl/VO)2 ,,-,V 2 /V o ,,-,0.01, where Yo, VI and V 2 are typical quadratic, cubic, and quartic potential terms. The squared correction arises from and is proportional to the difference in zeta-values of the coupled vibrations, while the V 2 contribution arises from the interference between the anharmonic terms and the non diagonal elements of the vibration-rotation interaction energy. Table IV gives a listing of the fundamental frequencies and zeta-values of ethane and heavy ethane together with the estimated anharmonicity factors and normal frequencies.
The values for the fundamentaJ frequencies and for the zetas have been taken directly from the summary of Raman data listed by Herzberg 3 and from the work of Smith 5 with the following exceptions where it appears that a reinterpretation of the experimental observations will yield more reliable numbers:
(1) Because of resonance interactions with combination vibrations, the fundamentals Vb V1*' V5, V5*, and VIO appear in the spectrum as doublet bands. The "resonance free" values listed for these fundamentals are estimates furnished by the relative intensities of the doublet components and the relative doublet separations in ethane and heavy ethane. As an example of this process, consider the frequency V5. The experimental spectrum shows two bands, one at 2895.60 and the other at 2954.05 cm-I, of which the former is of the order of twice the intensity of the latter. The existence of these two bands is undoubtedly due to the resonance interaction at V5 and the overtone level V8-\-l1. The wave functions describing the resonanting levels are linear combinations of the wave functions for V5 arid V8-\-l! and (2) The vibration V2, called the "uncertain frequency" of ethane has not been observed directly and its frequency is estimated from the combination bands 1'2+2= 2778 cm-I and 1'2+2*= 2300 cm-IlO and the approximate isotope relations
The resultant value V2= 1400 cm-I is in good agreement with values estimated from the combination bands V 2+6 = 2753.3 and V 2+9 = 2218 cm-l . 9
(3) The value V12= 1190 cm-1 is that obtained by Smith from the combination band V4+12 and is consistent with estimates given by V9+l2= 2021.6 cm-1IO and V7+l2=4178.9 cm-I . These latter combination bands, which have the rotational spacings 7.60 cm-l and 6.89
, It is the measurement of the 112+' by Smith which favors a value for V2 higher than the value 112=1375 cm-1 originally given in reference 3. It then becomes preferable to assign the 2778 cm-1 band as 112+2 rather than 116+6 as given also originally in reference 3.
10 As mentioned by Smith, the appearance in the infrared spectrum of a perpendicular band with large rotational spacing at 2021.6 cm-1 is the strongest argument in favor of the Dad equilibrium configuration of ethane, since this position and rotational spacing forces the band's assignment as 11'+12, a combination band infrared active for the Dad model but infrared inactive for the D3h model. the variation in completeness of resonance. These consequences are amply shown by Smith's measurements on the following combination bands.
[ (5) As the torsional vibration is both Raman and infrared inactive, the spectroscopic determination of its fundamental frequency can be obtained only from combination bands. For C 2 H 6 , Smith has determined the average value V4= 290 cm-1 from the two bands V4+11 and )14+10 while for C2D 6, Stitt's measurement V4+10* = 2415 cm-1 gives V4*= 190 cm-1 . For these two values, the ratio V4/V4*= 1.526 differs so markedly from the product rule ratio, (m*/m)t, as to indicate a real inconsistency. Although, in general, spectroscopic methods are the more accurate, in this case specific heat measurements give the more concordant results of V4= 275 cm-1 and V4*= 200 cm-l,14 and it is these latter values which are listed in Table IV .
The perturbation of the VI0 band prevents the use of the observed rotational spacings of the perpendicular inactive bands for a check on the small moment of inertia of ethane as determined by Smith from the rotational spacings AV7, Avs, and AV9. Although the Vs band is also perturbed, as may be seen from the spectrogram given in Fig. 5 and reproduced from Smith's paper, this perturbation is small and the resolution of the fine structure is sufficient to permit simple interpretation and consequent determination of the normal or unperturbed rotational spacing. The general results of an analysis of the Vs band have been cited by Smith but, as the perturbation scheme involved requires the Dad equilibrium configuration for ethane (and hence constitutes a check on the correctness of this model), it seems worthwhile to include here a summary of the method as well as the numerical agreement between the observed and predicted positions of the main absorption lines. The procedure consists of two parts. First, the assignment of a quantum number, K, to each Q line, and second, the determination of perturbation parameters required to match the observed and predicted line positions.
For the assignment of quantum numbers, one takes advantage of the feature that the fine structure of Vs becomes regular at the high frequency side of the band indicating that the perturbing forces tend to vanish in this direction. Using the Q line spacing in this high frequency region to establish approximate values for the small moment of inertia and the zeta-value for this the vibrational ground state is such that if I" 12, ••• represent the internal angular momenta quantum numbers, the apparent zetavalue for the combination band is r= + (~/iri) or -(~/iri) as 1~l;1 =3n+l or 3n-l, where n is any integer. 13 C. M. Lewis and W. V. Houston, Phys. Rev. 44, 903 (1933) . 14 Kistiakowsky, Lacher, and Stitt, J. Chern. Phys. 7, 289 (1939). band, a theoretical intensity distribution for the equivalent unperturbed band may be calculated. This predicted intensity distribution is pictured in Fig. 6 . An unusual situation occurs in the Vs band in that, due to a coincidence, the spacing of the lines in the sub-bands for which !J.] = ± 1 are almost exactly! of the Q line spacing. This means that the sub-band lines will bunch together into groups of three equispaced lines lying between the individual Q lines. These groups of lines have characteristic intensity patterns. Thus, for example, between the K lines 5 and 6, the low frequency member of the triplet is the most intense due to the large contribution of the first R line of the K=4 subband. Similarly between 6 and 7 the middle member is intense, and between 7 and 8 the last member is intense, this being due, respectively, to the first R lines of the K = 5 and K = 6 sub-bands. These features are exactly matched by the intensities of the substructure lines found by Smith between the Q lines which he designated as 91 and 92, 92 and 93, and 93 and 94, respectively. It will be noted that between the K lines 10 and 11, the substructure lines are predicted to be as intense as the R lines and that this condition is found to obtain in the corresponding position of the observed band, namely between lines 96 and 97.
From his examination of the Vs band, Smith concluded that two distinct regions of perturbation were present and suggested that these perturbations were the result of Fermi and Coriolis interactions with the combination band V4+12 which presumably lies in this region. The stepwise assignments of the Q lines starting from the high frequency side do indeed give. two resonance like curves for the function vs(K). However, all the observed Q lines are not accounted for by this procedure and these "extra" Q lines do not fall on the resonance curves. Yet, the existence and positions of these "extra" lines are, as will be shown, actually a consequence of the interaction scheme suggested by Smith. From the line assignments given in Table V , the unperturbed rotational spacing and band center can be determined without any perturbation calculation. For these assignments indicate that the resonances occur near the middle of the band and hence the line positions at the high and low frequency sides are approaching asymptotically the hypothetical positions of the resonance free lines. A measurement of these two asymptotes permits the evaluation of the normal band center, the rotational spacing, and the convergence of the resonance free lines. This procedure gives Vs= 1472.2 cm-1 and !J.vs=S.S63 cm-1 (at the band center).
For the quantitative determination of the structure of Vs, one has three essential perturbation parameters, (1) the strength, !J., of the Fermi coupling term (arising from an anharmonic potential term such as ~4P12PS siri (4) :. Although the agreement between the predicted and observed perturbation functions might be improved somewhat by a more careful determination of the parameters a, j, and ~, the above choice is sufficiently close to show the essential correctness of the perturbation scheme. The "extra" Q lines which are one of the characteristic features of the spectrum arise from the coupling, by way of 1'4+12, of two different levels of I's which normally make transitions to two different ground vibrational states (as contrasted, say, to the coupling of two levels of a perpendicular band via rotational interaction with a common third level of a parallel band as in 1'6* and I's* where no "extra" lines are expected).
IV. DETERMINATION OF THE GENERAL POTENTIAL CONSTANTS
The twenty-two independent potential constants compatible with the symmetry of ethane are defined by means of the set of symmetry coordinates pictured in Fig. 9 and are evaluated in groups-one group for each symmetry class of vibrations. It will be noted that these coordinates uniquely specify the configuration of the molecule whatever the ratio of carbon and hydrogen masses may be. They are thus geometric coordinates in the sense used by Johnston and Dennison 12 (thus, in terms of these coordinates, the potential energy expression is the same for both ethane and heavy ethane). The appropriate expressions for the kinetic and potential energies of each class of vibrations are given in the following order: (1) Eu; (2) Eg; (3) A lg ; (4) A 2u ; and (5) A 1u • For the degenerate classes, the z components of internal angular momenta are also given.
In the following, m, m*, and M will designate, respectively, the masses of the hydrogen, deuterium, and carbon atoms.
A. Perpendicular Active Vibrations (Eu)
The coordinates ~l, '171 represent the well-known degenerate vibrations of a triatomic molecule with equal atoms set at the corners of an equilateral triangle. A displacement of the coordinate ~1 is such that the atoms of one of the hydrogen triangles execute the displacements shown in diagram (la) of Fig. 9 , while the atoms of the other triangle are displaced as in (lb). The actual displacement of each of the six atoms may be shown to be equal and is chosen to be [1/(6)!Jh. The '171 displacements are the usual complements of ~1 and will not be shown. In both ~1 and '171 the carbon atoms are not displaced and hence the kinetic energy is just !ma1 2 + 7]l) for light ethane and !m*al+7]1 2 ) for heavy ethane. Tlie displacements ~2 and '172 are again ones in which neither the carbon atoms nor the center of gravity of each H3 group move and consist in a rocking of each of the hydrogen triangles through an angle a. If now h= Sa where S is the equilibrium side of a hydrogen triangle, the kinetic energy associated with this motion is !ma22+~~2) or !m*(U+~22). '172 is of course k' similar to b but the axis of the rocking motion is turned through 90°. The displacements ~3 and 173 are ones where the hydrogen triangles are both displaced in one direction without rocking and the carbons are displaced in the reverse direction. For convenience, the displacement of the carbon atoms relative to the H-triangles has been chosen to be (3m+M/6M)! times ~3 or 173 and hence the kinetic energy for light ethane is tm(U+~l) and for heavy ethane is tm*(3m+M/3m*+M)a32+~h
In each of these displacements it will be noted that there is neither a net rotation nor change in center of gravity of either the light or heavy ethane molecule. (These requisite features also obtain for the individual displacements defined for the other symmetry classes.) The choice of the coordinates has been such that there exist no cross product terms in the kinetic energy. Collecting the above results we have
where P~1 is the momentum conjugate to 171, etc. For the estimation of the normal frequencies we have adopted the following set of anharmonicity factors: X 7 =0. 0460, X 8 =0.0350, X9=0.0004 . The values of X 7 and Xs were chosen, in accordance with the principles outlined in Sec. III, to agree roughly with the anharmonicity factors 0.046 and 0.039 of the corresponding triply degenerate frequencies of methane. 7 The value of X8 was arbitrarily lowered to 0.0350 so that the Teller product rule would give a positive value for X 9• By using least squares and a weighting scheme based on the estimate that a 1 percent error in a normal frequency is equivalent to an error of 0.02 in a zetavalue, the six potential constants, aij, are readily calculated from the determinant giving the normal frequencies and from the theoretical expressions for the zetas. They are listed in Table VI The unitary matrices which connect the normal vibrations with the displacements h, ~2, ~3 (or 17" 172, 173) have been calculated to have the following numerical elements. 
B. Perpendicular Inactive Vibrations (Eg)
The coordinates h, 171 are the same as the identically labelled coordinates of the Eu class except for a reversal of phase in the atomic displacements in the opposing hydrogen triangle [(1b) of Fig. 9 ]. In the displacement ~2, there is a rotation of each hydrogen triangle about its center together with a counter rotation of the triangle centers about the molecule center of such relative magnitude that no change in angular momentum occurs. For convenience, the scale of b is chosen such that the displacement of a triangle center is (I z/12I c) l times ~2 or 1]2, where lz is the large moment of inertia of ethane and I c is the large moment of the hydrogen "cylinder," that is, the structure consisting solely of the six hydrogen atoms in their equilibrium positions. The kinetic energy contributions for light and heavy ethane are then tma22+~22) and tm*(U+~h In the displacement ~3, the hydrogen cylinder rocks through an angle al while the carbon atoms counter rotate about the molecule center through an angle a2 such that there is no change in angular momentum. Denoting the distance of a carbon atom from the molecule center by S, ~3 is chosen such that S(al+a2) = (mI xl 2M I e)! ~3 and hence the kinetic energy for light ethane is !m(U+~32) and for heavy ethane is !m*(Ixllx*)(~l+~32). Again the choice of coordinates has been such that there exist no cross product terms in the kinetic energy and one obtains the following expressions.
With the coordinates 6*= 6; h*= ~2; h*= ~3/(u)!, the expression for the vibrational angular momentum of C 2 Ds is the same as pz above but with all quantities starred. ls The symbol Ie appearing in p. refers as before to that part of the large moment of inertia of ethane contributed by the six hydrogen atoms. The values for the six potential constants bij were determined from the five independent normal frequencies and the value of ~ll' The experimental value for S12, being obtained from combination bands, was not considered sufficiently accurate to be weighted' in the determination of the potential constants. The values of the b ii listed in Table VI thus predict back the normal frequencies and the ~ll value exactly and yield the value ~12=0.413 as compared with the observed value of 0.490. The as yet unobserved ~ values of heavy ethane are predicted to be ~1O*=0.190, ~ll*= -0.395, and ~12*=0.383.
The unitary matrices connecting the normal vibrations with the displacements 6, ~2, ~3 have the following numerical elements. 16 The choice of coordinates such that the kinetic energy expression for ethane has a diagonal form and equal coefficients gives rise to tw.o simplifying features: first, the transformation matrix Sia, connecting the symmetry coordinates ~i with the normal coordinates (~'O, ~11, and b2) is unitary, and second, the matrix of the coefficients Zij, appearing in the expression for pz is symmetric and related to the zeta-matrix, I afj (i.e., the coefficients in the expression for pz in terms of normal coordinates), by the For the determination of the six potential constants, only five independent normal frequencies are available, and it is necessary to introduce one simplifying assumption. We have chosen equal to zero the valence force constant kRr which couples C-C stretching to C-H stretching, and the values of the potential constants Cij listed in Table VI (A 2u ) In the displacement ~l, the hydrogen atoms of one triangle (the unprimed triangle) move outward while the atoms of the opposing triangle move inward towards the symmetry axis by the same amount [1/ (6)! Jh In the displacement ~2, the hydrogen atoms move in the direction of the -Z axis while the carbon atoms move in the direction of the +Z axis by an amount such that there is no translation of the molecule center. The scale of ~2 is chosen such that the sum of the carbon and hydrogen (or deuterium) atom displacements is (6MI3m+M)!~2 and this choice gives rise to the following energy expressions.
D. Parallel Active Vibrations
T=!ma1 2 +U)
TABLE VII. Definition of valence force constants for ethane (excluding the force constant associated with torsion). r, denotes the H,-C distance minus the equilibrium distance, R the C-C distance minus the equilibrium distance, f. the increase in the H,-C-C angle, 0, the increase in the H'_I-C-H'+1 angle.
(1) (2) (3) (4) (5) (6) In the displacement ~ one hydrogen triangle rotates clockwise while the other rotates counterclockwaise about the symmetry axis, the displacement of any hydrogen atom being [1/(6) 
V. THE VALENCE FORCE CONSTANTS OF ETHANE
By means of the general potential constants already evaluated, it is now possible to determine restoring forces associated with arbitrary small distortions of ethane such as the stretching of a C-H bond or the bending of H-C-H angles. The force constants associated with such specific distortions are of importance mainly for comparisons with other molecules which possess similar components. Complicating such comparisons is the fact that when, for example, one of these bands is stretched, the remaining parts of the molecule deform in such a way as to minimize the poten- Coupling constants for adjacent components
kr"'fJ = -1. S9±0.20 (6) kR'" = 0.60±0.04 Coupling constants for remote components priori, that many of the coupling terms for ethane will be small, especially those terms which represent coupling between the remote parts of the molecule. These bond stretching, bond angle bending, and coupling force constants are the potential constants associated with a valence coordinate expression of the potential energy function. In the displacement corresponding to the torsional vibration, no bond distances and no bond angles are changed. Thus, on the assumption of pure valence forces, there would be no restoring force and this frequency would be zero. The observed value of the frequency is indeed rather small and the restoring force, which depends on its square, is considerably less than the force required to distort a bond angle. To this extent the measurements of the torsional frequency agree with the simplified valence picture. The remaining eleven frequencies all involve changes In bond distances and angles.
The nineteen bond distances and bond angles of ethane give rise to the nineteen valence coordinates having the following definitions:
(1) R=increase in C-C distance (that is, the C -C separation minus the equilibrium separation) (2-7) ri (or ri,)=the increase in C-Hi (or C-Hi') distance, where the subscript i designates a particular hydrogen atom as labelled in Fig. 8 (8-13) ¥-'i= the increase in the H;-C:-C bond angle (14-19) Oi=the increase in the Hi-1-C-Hi+1 bond angle. These coordinates are not independent but satisfy the two conditions which are equivalent to the conditions of no net rotation about the symmetry axis and no torsion of the methyl groups. Although the redundancy of the coordinate system permits a certain latitude in the expression of the potential energy, twenty-one independent force constants may be defined as in Table VII . As a consequence of the latitude in choice of the twenty-one independent quadratic forms constituting the expression of the potential function, the values of the angle bending force constants k9 and k", depend on the particular expression of the coupling terms. This dependence, however, is quite weak due to the smallness of the coupling force constants. Table VIII gives the values of the valence force constants as obtained directly from the set 
